Introduction
When designing the wireless sensor node circuit, much attention is paid to components' values, topology and PCB layout. However, from RF system point of view, very little effort was done in considering the substrate parameters, for example the substrate thickness and the dielectric constant, which could change the final RF performance of the system. The aim of this paper is firstly to investigate the dependence of S parameter on substrate parameters. Then the substrate parameters were cheated as circuit components in Ansoft Designer simulation to get the S parameter result. Some new passives' values were provided to compensate the S parameter degrade to get an optimized solution.
In this paper, the impacts of substrate parameters on RF performance were studied and a simulation based method is proposed to improve the return loss.
System overview and the problem
The wireless sensor node we used in this paper is equipped with the ISM Band transceiver IC ADF7020, a MSP430 low power microcontroller, and an energy source. Based on the reference design from the ADF7020 evaluation board datasheet, a 25mm*25mm wireless sensor node (named as "Tyndall mote" in this paper) was developed with the same circuit connection. Beware that the Tyndall mote had the 6 layers' stack-up with total thickness of 1.5mm, while the evaluation board had only two layers with total thickness of 1mm. Besides the stack-up, the two PCB designs of the ADF7020 circuits (especially the RF part) were the same.
The RF circuit, shown in Figure 1 , between the ADF7020 chip and the antenna is critical to impedance matching. The RFIN and are the differential ports for receiving, while the RFOUT is for transmitting data. A balun circuit matches the chip ports with the SMA antenna connector J2. The balun consists of L1, L2, L4, L5, C1, C2, C3, C34, C35 and C36. The ports' impedance characterization is given in [1] . For low frequency circuits with the same topology and components' values, the circuits should behaviour similarly. However, when it goes to high frequency domain, the situation becomes complex. The RF performance difference between the two nodes can be characterized easily by the S11 parameter measurements. The working frequency of 433MHz for the ADF7020 transceiver was selected and measurements of S11 were carried out at the antenna SMA connector for both two boards with the help of VNA. Similar method is performed in antenna design in [2] . S11, also known as return loss, is the loss of signal power resulting from the reflection caused at a discontinuity in a transmission line. Smaller S11 shows better impedance matching and less power loss. Figure 2 illustrates that the reference design has a good impedance matching (around -18dB of return loss), while the other is behaving poor (only -5dB of return loss). -18dB for the reference design indicates that most of power transmitted at the SMA connector is delivered to the antenna. On the other hand, -5dB means mote of the transmitted power is reflected back to the input direction, which causes more extra power loss and decreases the efficiency. The modifications between the Tyndall motes to the reference design should be targeted for this problem, including substrate thickness (6 layers PCB vs. 2 layers PCB), substrate thickness and maybe substrate dielectric constant.
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Analysis and modeling
Microstrip, consisting of a conducting strip separated from a ground plane by a dielectric layer known as the substrate, is a type of electrical transmission line which can be fabricated using PCB technology, and is used to convey microwave-frequency signals. Figure 3 shows the typical microstrip line, where εr is the relative dielectric constant, W is the width of the track, t is the thickness of track (1 oz/ft2 = 0.035 mm) and h is the thickness of the dielectric. For high frequency circuit, the substrate is an important fact for impedance matching because the microstrip line also provides certain impedance, which cannot be omitted at high frequency. The formulas of the microstrip impedance is
Formulas (1) and (2) were first published by [3] . The effective dielectric constant formula is:
Formulas (3) and (4) were given by [4] . The above formulas can also be found in [5] . In these formulas, r ε is the dielectric constant, eff ε is the effective dielectric constant, and 0 Z is the impedance of the microstriple line. Though formulas (1)-(4) are complex, it can be solved by computer. Figure 4 is the impedance results vs. the W/h ratio. In this case, the dielectric constant is kept as 4.5. Figure 5 is the impedance diagram vs. the dielectric constant, while keeping the W/h=1. In Figure 4 , the W/h is limited in a small range from 0.1 to 1, with the impedance range of 80ohm (from 60 to 140ohm). However, in Figure 5 , the dielectric constant usually can vary from 2 to 10 (or even higher). The corresponding impedance range in Figure 5 is only 50ohm (from 50 to 100ohm). So in analysis or simulation, it is clear that W/h has greater impact on impedance than dielectric constant. The S parameter is highly dependent on the impedance matching and thus is also more critical to W/h. This conclusion will be verified in later chapters by simulation. Figure 6 shows the schematic of the substrate stack-up in Ansoft Designer software. Table 1 also gives some default values of the parameters. During simulation, only one parameter is swept to see the impact of that parameter. Figure 6 . Schematic of the substrate stack-up Table 1 . PCB and cover material properties Impact of substrate thickness and dielectric constant Parameter sweep is performed for the S11 simulation results of the substrate thickness and dielectric constant. The return loss is showed by original value rather than in dB for analysis purpose. Figure 7 shows the substrate thickness sweep results with the dielectric constant=4.5. The mag(S11) for thickness of 1mm is less than 0.5 and it degrades to 0.75 for thickness of 0.15mm. This result matches the measurement of Figure 2 that the new design Tyndall mote has poor S11 compared
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Optoelectronic Materials to the reference design. It is the change of the substrate thickness brought this degrade of impedance mismatch at the antenna connector. Figure 8 . S11 simulation results for the dielectric constant sweep Figure 8 shows another example of the parameter sweep simulation by Ansoft designer. The frequency is set at 433MHz. By sweeping the parameter value of the substrate dielectric constant, the corresponding return loss simulation results can be obtained. The change of the mag(S11) is rather small compared with the previous result in Figure 7 . Thus this could also verify the conclusion that the S11 is more dependent on the substrate thickness rather than the dielectric constant.
Compensation of S11 degrade brought by the substrate change. In the previous chapters, the impacts of the substrate thickness and the dielectric constant are studied and simulated. However, at this step, still the S11 at the antenna connector has no improvement at all. Thus, it is straightforward to consider some other methods to compensate the S11 degrade brought by the substrate change. Sweep of passive components' values was performed to get an optimized return loss simulation result [6] . The reason to sweep the passives is that replacing the passives with new values is much easier than replacing all other parameters. For example, Figure 9 gives the C2 sweep result, for the working frequency of 433MHz and other default parameters with the thickness of 0.15mm. Around the range of 40pf gives the minimum of the S11. Finally the new values of the passives were applied for PCB assembly. Measurements were compared with the simulation results until a good match was achieved. The optimization procedure was ended at this step.
In our case, optimization suggested changing the value of C2 from 10pF to 36pF and C1 from 4.7pF to 5.6pF. This change is to overcome the return loss degrade caused by substrate thickness change. The measurement of return loss was carried out on the mote shown in Figure 10 . Figure 11 , were carried out again according to optimization solution. The return loss at 433MHz improved to -25dB for both simulation and measurement results (Figure 11 ). This level of return loss meant good impedance matching of the balun circuit. Finally Figure 12 illustrates that the return loss degrade was compensated with the help of new C1 and C2 values.
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Conclusion
In this paper, the return loss of a wireless sensor node with more complex layer stack-up is compared with the reference transceiver board's return loss. Formula calculation shows the impacts of the substrate thickness and the dielectric constant on the microstriple line impedance and return loss at the antenna connector. Modeling counting on passive components, RF ports and substrate details was developed and simulated by Ansoft Designer. Ansoft Designer simulation and substrate parameter sweep indicated the dependence of the substrate thickness and the dielectric constant on S11. Finally some passives' values were given to compensate the return loss degrade caused by the substrate change. Measurements, before and after optimization, not only fit the Ansoft Designer simulation, but also showed a major improvement of the return loss from -5dB to -25dB.
